Estrogen replacement therapy and other unopposed estrogen treatments increase the incidence of endometrial abnormalities, including cancer. However, this effect is counteracted by the co-administration of progesterone. In the endometrium, glucose transporter (GLUT) expression and glucose transport are known to fluctuate throughout the menstrual cycle. Here, we determined the effect of estrogen and progesterone on the expression of GLUT1-4 and on the transport of deoxyglucose in Ishikawa endometrial cancer cells. Cells were incubated with estrogen, progesterone or combined estrogen and progesterone for 24 h and the effect on the expression of GLUT1-4 and on deoxyglucose transport was determined. We show that GLUT1 expression is upregulated by estrogen and progesterone individually, but that combined estrogen and progesterone treatment reverses this increase. Hormonal treatments do not affect GLUT2, GLUT3 or GLUT4 expression. Transport studies demonstrate that estrogen increases deoxyglucose transport at Michaelis-Menten constants (K m s) corresponding to GLUT1/4, an effect which disappears when progesterone is added concomitantly. These data demonstrate that different hormonal treatments differentially regulate GLUT expression and glucose transport in this endometrial cancer cell line. This regulation mirrors the role played by estrogen and progesterone on the incidence of cancer in this tissue and suggests that GLUT1 may be utilized by endometrial cancer cells to fuel their demand for increased energy requirement.
Introduction
All mammalian cells contain one or more members of the facilitative glucose transporter gene family named GLUT (Joost & Thorens 2001) . These transporters have a high degree of stereoselectivity providing for the bidirectional transport of substrate with passive diffusion down its concentration gradient. GLUTs function to regulate the movement of glucose between the extracellular and intracellular compartments, maintaining a constant supply of glucose available for metabolism (Joost & Thorens 2001 , Medina & Owen 2002 .
The normal human endometrium expresses GLUT1 and GLUT3 and the expression of mRNA and protein of these transporters is increased in the secretory phase of the menstrual cycle when estrogen and progesterone levels are high (von Wolff et al. 2003) . The normal rat uterus expresses GLUT1 and GLUT4. In this tissue, glucose transport and GLUT1 mRNA and protein expression are increased by estrogen treatment (Welch & Gorski 1999) . These and other data indicate that an adequate endometrial glucose metabolism, mediated by GLUTs, is necessary for endometrial proliferation, differentiation and decidualization. However, aberrant expression of these transporters is found in a wide spectrum of endometrial epithelial malignancies (Binder et al. 1997 , Wang et al. 2000 , Medina & Owen 2002 , indicating that GLUT expression and glucose transport may be involved in carcinogenesis.
There are extensive data linking sex steroid hormones, estrogen and progesterone, to the genesis of endometrial cancer (Henderson et al. 1982 , Key & Pike 1988 . Recent clinical studies have demonstrated that postmenopausal women receiving hormone replacement therapy (HRT) containing only estrogen are at higher risk for this type of cancer (Persson 2002) . When progesterone is added to HRT preparations, the estrogen-induced increase in endometrial cancer incidence is reduced (Schairer et al. 2000) . The same pattern is observed with estrogen only versus combined estrogen and progesterone oral contraceptives (Henderson & Feigelson 2000) . This indicates that progesterone counteracts the cancer-inducing effects of estrogen on the endometrium. In this paper we have attempted to further dissect the behavior of progesterone and estrogen by examining the hormonal regulation of a family of glucose transporters, which have previously been implicated in cancer, in an endometrial cancer cell line.
Analysis of biopsy samples has demonstrated that GLUTs are overexpressed in a variety of cancers including tumors from estrogen and progesterone target tissues such as breast and ovary. Furthermore, this overexpression of GLUT family members is correlated with poor patient prognosis (Medina & Owen 2002) . Therefore, we hypothesized that if GLUT expression were related to the aforementioned HRT clinical phenotype, estrogen, progesterone and combined therapy should differentially regulate glucose transporters in the endometrium. In order to test this hypothesis, we used the well characterized endometrial cancer cell line, Ishikawa, to study hormonal regulation of GLUTs and glucose transport. This cell line stably expresses all paralogues and isoforms of the estrogen and progesterone receptors respectively, and responds to steroid hormones in a similar manner to the situation in vivo.
Results presented herein demonstrate that GLUT1-4 family members are expressed in the Ishikawa cell line and that GLUT1 and possibly GLUT4 are regulated to varying degrees by 17 -estradiol and progesterone. GLUT1 is the predominant form expressed, while GLUT2 is expressed at low levels in the endometrial cancer cells. Interestingly, GLUT1 expression correlates with the clinical phenotype observed in the endometrium in response to hormone treatment. GLUT1 expression, and the glucose transport mediated by this transporter, is increased by 17 -estradiol and progesterone. This increase is reversed when the cells are exposed to a combined 17 -estradiol+progesterone treatment. These data support our theory that differential regulation in the access to an available energy substrate, in the form of glucose, confers a survival advantage to these burgeoning cancer cells and increases the risk of endometrial abnormalities such as cancer. This energy is delivered by a 17 -estradiol-or progesterone-induced increase in GLUT expression and glucose transport in Ishikawa endometrial cancer cells, an effect which disappears when both hormones are administered concomitantly.
Materials and Methods

Cell culture and hormonal treatment
Cells were grown in DMEM/F12 media supplemented with 10% fetal bovine serum as previously published (Medina et al. 2003) . Briefly, depending on the experiment, cells were plated in tissue culture Petri dishes or 12-well plates (Nunc, Rochester, NY, USA), until 80% confluence, and then the medium was changed to DMEM/F12 medium containing 5% charcoal-treated serum for 24 h. Cells were divided into four groups: control, estrogen, progesterone and combined estrogen and progesterone. 17 -Estradiol and progesterone (Sigma, St Louis, MO, USA) were dissolved in ethanol and added to the cells, individually or in combination, to a final concentration of 10 nM for a period of 24 h. For the PCR experiments, hormonal treatment was administered for periods of 6, 9 or 24 h. Ethanol vehicle was used as control.
Western blotting
Cells were harvested from Petri dishes in cold PBS and the pellet was resuspended in lysis buffer (0·4 M KCl, 20 mM Hepes pH 7·4, 1 mM dithiothreitol, 20% glycerol). After sonication on ice, the lysate was centrifuged at 14 000 g for 20 min at 4 C in order to separate membrane (pellet) and cytosolic (supernatant) fractions. The crude membrane fraction was resuspended in the lysis buffer mentioned above and protein concentration was determined by the Bradford assay and confirmed by Ponceau S staining of the membrane after wet blot transfer. For GLUT1-3 detection, 100 µg crude membrane extract were loaded in each lane, separated by polyacrylamide gel electrophoresis in the presence of sodium dodecylsulfate, transferred to nitrocellulose membranes, and incubated overnight with anti-GLUT1-4 affinity purified antibodies (1:1000; Alpha Diagnostic, San Antonio, TX, USA). Goat anti-rabbit IgG secondary antibody coupled to hydrogen peroxidase (1:3000, Bio-Rad Laboratories, Hercules, CA, USA) was applied for one hour at room temperature. The reaction was developed by chemiluminescence (ECL, Western Lightning, NEN Life Science Products, Perkin-Elmer, Boston, MA, USA). Semi-quantitative densitometry of the bands was performed using the NIH Scion Image 1·62c software package for Macintosh. Positive controls used were: GLUT1, skeletal muscle; GLUT2, liver; GLUT3, spermatozoid; GLUT 4, heart (neither the GLUT4 positive control (data not shown), nor the Ishikawa samples provided a clean Western blot).
Immunocytochemistry
Immunocytochemistry studies were carried out as previously described (Nualart et al. 1999) . Briefly, after 24-h hormonal treatment the cells were fixed with 4% formaldehyde (in PBS) for 30 min at room temperature. Cells were then permeabilized in PBS containing 1% bovine serum albumin (BSA) and 0·1% Triton X-100 for 10 min at room temperature. The cells were incubated with the anti-GLUT1, anti-GLUT3 and anti-GLUT4 antibody (1:500, Alpha Diagnostic) overnight at room temperature. Cells were then incubated with fluoresce isothiocyanate (FITC)-conjugated rabbit anti-mouse IgG (1:200, Roche Molecular Biochemicals, Indianapolis, IN, USA) for 2 h, mounted, and analyzed by fluorescence microscopy. As controls, we utilized primary antibodies pre-absorbed with the respective peptides used to raise them.
RT-PCR
Total RNA was isolated from cells using the Chomczynski method (Chomczynski 1992) . cDNA was generated using reverse transcriptase (Superscript II, Invitrogen, Carlsbad, CA, USA). Using previously published methods and GLUT1-4 primers (Takagi et al. 1994) , semi-quantitative PCR reactions were performed from cDNA generated from ethanol vehicle, estrogen-(10 nM), progesterone-(10 nM), and combined estrogen-progesterone (10 nM each)-treated samples, using Taq polymerase (Invitrogen). Cycle curves for all sets of PCR primers were performed. The number of cycles performed for each primer set was in the linear range of the curve (GLUT1, 30 cycles; GLUT2, 40 cycles; GLUT3, 28 cycles; GLUT4, 40 cycles). As an internal control, primers amplifying a region of glucose-6-phosphate dehydrogenase (GAPDH) were used.
Deoxyglucose transport
Two types of transport experiments were carried out. In the time-course experiment, uptake was measured over time using a constant concentration of the substrate, [ 3 H]2-deoxy--glucose (DOG). For the concentration dependence experiment, uptake was measured at a fixed time (30 s) at different concentrations of DOG. The transport experiments were performed using cell monolayers growing attached to the bottom of 12-well tissue culture plates. The standard transport medium contained 15 mM Hepes buffer pH 7·6, 135 mM NaCl, 5 mM KCl, 1·8 mM CaCl 2 , 0·8 mM MgCl 2 , and the substrate DOG at the concentrations indicated in the Figures. Monolayers were washed twice with substrate-free transport medium to eliminate all traces of culture medium, and then incubated for 1 h at room temperature in the same solution to deplete the cells of intracellular glucose. Uptake experiments were initiated by replacing the medium with 0·2 ml transport medium containing 1·0 µCi DOG, followed by incubation at room temperature during the time required. Uptake was terminated by adding 2 ml ice-cold stopping solution (15 mM Hepes buffer pH 7·6, 135 mM NaCl, 5 mM KCl, 0·8 mM MgSO 4 , 1·8 mM CaCl 2 , 0·2 mM HgCl 2 ). The monolayers were then rinsed twice with 2 ml stop solution and lyzed in 0·2 ml lysis solution (10 mM Tris-HCl pH 8·0, 0·2% SDS). The samples were added to 2 ml scintillation cocktail for radioactivity determination. The data in Figs 4-6 are corrected data obtained after subtracting the respective control values from experiments performed at 4 C. Statistical analysis was performed using the Student's t-test method. Statistical significance was set at P<0·05.
Results
GLUT isoform expression
Mammalian cells differentially express GLUT isoforms. Our aim was to study the expression of GLUT isoforms present in the Ishikawa endometrial cancer cell line. For the purposes of this paper, only the expression of the GLUT1-4 isoforms was studied. Western blotting and immunocytochemistry analysis demonstrated the presence of GLUT1-4 in these cell lines (Figs 1 and 2).
Hormonal regulation of GLUT protein expression
Western blotting and immunocytochemistry studies show that hormonal treatments differentially regulated GLUT expression in this cell line (Figs 1 and 2 ). 17 -Estradiol treatment produced the highest expression of GLUT1 (3·2-fold), with progesterone showing a mild increase (1·7-fold) and combination therapy actually showing a decrease as compared with control ( Fig. 1A,B) . The GLUT1 results were confirmed by flow cytometry studies (data not shown). Unfortunately GLUT2, GLUT3 and GLUT4 antibodies were incompatible with flow cytometry. GLUT2 and GLUT3 expression was very low and no changes were observed in response to hormonal treatment (Figs 1 and 2). The GLUT3 results were confirmed by immunocytochemistry (Fig. 2) . Several GLUT4 antibodies (Santa Cruz, Alpha Diagnostics) were tried for Western blotting, but none of them proved compatible with this technique. For this reason we decided to perform immunocytochemistry studies for this transporter. Results showed that GLUT4 is slightly upregulated by all hormonal treatments, although the lack of clear differences in staining made these data difficult to interpret (Fig. 2) .
GLUT mRNA expression
The aforementioned data demonstrated that hormonal preparations regulated GLUT1 and possibly GLUT4 protein expression in Ishikawa cells. Therefore, we investigated if these observed changes were manifested at the level of RNA. To this end, we performed RT-PCR with primers designed to unique sequences in GLUT1-4. None of the hormonal treatments, lasting for 9 (Fig. 3A) , 6 (Fig. 3B ) or 24 h (Fig. 3C ), affected GLUT1-4 RNA expression. As a positive control of this technique for measuring hormonal regulation we used the ZR-75 breast cancer cell line (Medina et al. 2003) . In the ZR-75 cell line, but not in Ishikawa, treatment with progesterone, but not 17 -estradiol, regulated GLUT3 mRNA expression (Fig. 3D) .
Glucose transport
Next, we asked whether the changes in expression of GLUT1-4, observed in hormone-treated cells, were accompanied by an alteration in the capacity of these cells to transport glucose. To this end, we measured the transport of DOG, a glucose analog that is a specific substrate of the facilitative glucose transporters. In initial experiments, we used short transport assays and three different DOG concentrations to assess the contributions to transport of the different glucose transporters expressed in the Ishikawa cells: 0·1 mM for GLUT3 (transport Michaelis-Menten constant (K m )<1 mM), 5 mM for GLUT1 and GLUT4 (transport K m of 3-5 mM), and 15 mM for GLUT2 (transport K m of 15-20 mM).
A time-course analysis of DOG uptake using substrate concentrations of 0·1, 5 and 15 mM DOG revealed that the transport rate was linear for at least 60 s at each tested concentration, which indicates that these rates represent real transport rates (Fig. 4) . In Ishikawa cells at 0·1 mM DOG, time-course analysis showed that the rate of DOG transport under control conditions was 0·13 0·01 nmol/ min × 10 6 cells (Fig. 4A ). This transport was increased by 17 -estradiol (DOG transport rate of 0·15 0·01 nmol/ min × 10 6 cells; P<0·05) (Fig. 4A ). Progesterone (DOG transport rate of 0·11 0·02 nmol/min × 10 6 cells) ( Fig.  4B ) and combined 17 -estradiol and progesterone treatments (DOG transport rate of 0·12 0·01 nmol/min × 10 6 cells) (Fig. 4C ) did not significantly affect DOG transport. These transport results reflect the low GLUT3 protein expression levels. At 5 mM DOG, time-course analysis showed that the rate of DOG incorporation under control conditions was 1·2 0·04 nmol/min × 10 6 cells (Fig. 4D) . The rate of DOG uptake was significantly increased by 17 -estradiol (1·8 0·07 nmol/min × 10 6 cells; P<0·05) (Fig. 4D ). This increase was slightly less with progesterone (1·7 0·05 nmol/min × 10 6 cells; P<0·05) (Fig. 4E) . Interestingly, combined 17 -estradiol plus progesterone completely abolished the increases in DOG transport observed with both 17 -estradiol and progesterone individually (1·2 0·03 nmol/min × 10 6 cells; not significant) (Fig. 4F) . These results are well correlated with GLUT1 protein expression data. Since GLUT1 and GLUT4 have overlapping K m s for DOG transport, it is impossible to discern the individual contributions of GLUT1 and GLUT4 to transport at this DOG concentration. At 15 mM DOG, time-course analysis shows that the rate of DOG incorporation under control conditions was 2·1 0·25 nmol/min × 10 6 cells (Fig. 4G ). Neither 17 -estradiol (DOG transport rate of 2·0 0·27 nmol/min × 10 6 cells) (Fig. 4G) , progesterone (DOG transport rate of 2·2 0·27 nmol/min × 10 6 cells) (Fig. 4H) , nor combined 17 -estradiol and progesterone treatment (DOG transport rate of 1·9 0·31 nmol/min × 10 6 cells) (Fig. 4I ) altered the rate of DOG transport (not significant). These results also correlate with the GLUT2 data obtained by Western blotting, where we saw no changes in GLUT2 expression.
To confirm the previous data, we tested whether hormone treatment altered the dose-response for DOG transport in these cells. The dose-response analysis of Immunocytochemistry showing the effect of 24-h incubation with 10 nM estrogen (E) and 10 nM estrogen+10 nM progesterone (E+P) on GLUT1, GLUT3 and GLUT4 expression. Control cells (C) were incubated with a corresponding volume of ethanol which was the vehicle used to solubilize the hormones. The negative control is the primary GLUT1 antibody pre-absorbed with the peptide used to raise it.
DOG transport in Ishikawa cells showed that transport approached saturation at approximately 60 mM and that this was not affected by 17 -estradiol, progesterone or 17 -estradiol plus progesterone treatments (Fig. 5A) .
However, the apparent total maximum transport velocity (V max ) was significantly increased by 17 -estradiol treatment: from 9·4 0·3 nmol/min × 10 6 cells in the control cells to 13·9 0·5 nmol/min × 10 6 cells in 17 -estradiol- treated cells (P<0·05; Fig. 4A ). Treatment with 17 -estradiol plus progesterone returned the V max to control levels (10·3 0·7 nmol/min × 10 6 cells) (Fig. 5A ),
confirming that 17 -estradiol treatment increased the transport capacity of the Ishikawa cells and that the concomitant addition of progesterone abolished this effect. Analysis of the transport data using the Eadie-Hofstee method rendered a curve that could be resolved into three different components (Fig. 5B-D) . This indicates the presence of at least three different transporters, each having a different affinity for the substrate, involved in the transport of DOG in the control as well as in the hormone-treated cells. Moreover, a detailed observation of the data revealed that hormone treatment differentially affected each functional component. The higher affinity component was clearly identifiable in the untreated control cells, and had an apparent, uncorrected K m of 0·8 0·1 mM and a V max of 2·3 0·6 nmol/min × 10 6 cells (Fig. 5B) . This component showed an increase in transport V max (to 4·9 0·8 nmol/min × 10 6 cells; P<0·05) in the 17 -estradiol-treated cells, without changes in the transport K m (apparent uncorrected K m of 1·1 0·2 mM) (Fig. 5C ). Combination treatment again caused a decrease in transport V max back to control levels (3·0 0·5 nmol/ min × 10 6 cells; not significant compared with control) without changes in the transport K m (apparent uncorrected K m of 0·9 0·2 mM) (Fig. 5D ). This transport K m is in the range of that expected for GLUT3. However, since GLUT3 protein expression levels, as detected by Western blotting and immunocytochemistry, are so low, it is difficult to correlate the changes in transport produced by hormonal treatments to changes in protein expression. The intermediate affinity component had an apparent, uncorrected K m of 4·4 0·5 mM and a V max of 6·5 0·8 nmol/min × 10 6 cells under control conditions (Fig. 5B) . This component showed a clear increase in transport V max (to 10·3 1·4 nmol/min × 10 6 cells; P<0·05) in the 17 -estradiol-treated cells, without changes in the transport K m (apparent uncorrected K m of 3·8 0·4 mM) (Fig. 5C ). Combination treatment again caused a decrease in transport V max back to control levels (6·6 0·6 nmol/min × 10 6 cells) without changes in the transport K m (apparent uncorrected K m of 4·5 0·8 mM) (Fig. 5D) . The transport K m of the intermediate affinity component corresponds to the expected properties of GLUT1 (and GLUT4), and therefore the increased activity of this component in the 17 -estradiol-treated cells, and subsequent decrease in combination-treated cells, is also consistent with the observed regulation of GLUT1 protein expression detected by Western blotting, immunocytochemistry and flow cytometry. The lower affinity component had functional properties similar to those of the low-affinity glucose transporter GLUT2, with uncorrected apparent K m s of 17·6, 19·6 and 15·1 mM for the transport of DOG in the control, 17 -estradiol-and the combination-treated cells respectively. Moreover, there were no changes in the apparent transport V max in the 17 -estradiol-(11·4 1·6 nmol/min × 10 6 cells) or the combination-treated cells (11·4 1·3 nmol/min × 10 6 cells) compared with the untreated control cells (12·8 1·7 nmol/min × 10 6 cells) (Fig. 5B-D) . The lack of a functional effect of the hormone treatment on the activity of the lower affinity component is consistent with the lack of an effect on GLUT2 expression detected by Western blotting.
Since the progesterone experiment was carried out separately, it had a separate control from the estrogen and estrogen plus progesterone experiment. In this experiment transport was also saturated at 60 mM DOG and this was not affected by progesterone treatment (Fig. 5E) . The apparent total V max was slightly increased by progesterone treatment, from 11·8 0·9 nmol/min × 10 6 cells to 12·6 1·1 nmol/min × 10 6 cells; however, this did not reach statistical significance (Fig. 5E) .
Analysis of the transport data in this set of experiments using the Eadie-Hofstee method rendered a curve that could be resolved into only two different components (Fig.  5F,G) . This was due to the predominance of the intermediate affinity component which masked the possible presence of a high affinity component. These data indicates the presence of at least two different transporters, each having a different affinity for the substrate, involved in the transport of DOG in the control as well as the progesterone-treated cells. The intermediate affinity component had an apparent, uncorrected K m of 4·5 0·8 mM and a V max of 4·6 0·4 nmol/min × 10 6 cells under control conditions (Fig. 5F ). This component showed a significant increase in transport V max (to 6·0 0·5 nmol/ min × 10 6 cells; P<0·05) in the progesterone-treated cells, without changes in the transport K m (apparent uncorrected K m of 6·0 0·9 mM) (Fig. 5 G) . These transport data corresponds to increases in GLUT1 protein expression observed in the presence of progesterone. As was the case with estrogen and estrogen plus progesterone treatments, progesterone alone did not cause any changes in the transport mediated by the low-affinity component (Fig. 5F,G) .
Western blot analysis clearly showed that, in Ishikawa cells, GLUT2 expression is extremely low (Figs 1A and  6B ), yet this cell line expresses a low-affinity transport component that has a considerable capacity to transport DOG (Fig. 6A) . RT-PCR studies showed that these cells also express GLUT6 transcript, a transporter with a similar K m for DOG transport as GLUT2 (Fig. 6C) . Therefore, a possible explanation for the low-affinity transport observed in Ishikawa cells is that it is mediated by GLUT6, and not GLUT2.
Discussion
Uterine cells from different origins display different GLUT isoform expression patterns. A study of GLUT expression in immature rat uterus only detected the presence of GLUT1 and GLUT4 isoforms (Welch & Gorski 1999) , while in the human endometrium only GLUT1 and GLUT3 have been reported (Younes et al. 1997 , von Wolff et al. 2003 . In Ishikawa endometrial cancer cells we detected the expression of GLUT1-4 and GLUT6. To our knowledge, this is the first report of GLUT2 expression in the cells of endometrial origin. This expression of glucose transporters, which is not observed in normal tissue, has been widely reported and may be a mechanism utilized by the cancer cell to obtain the extra energy needed for processes such as angiogenesis, proliferation and metastasis (Medina & Owen 2002 ). Clinical observations demonstrate that estrogen acts as a proliferative agent on the endometrial epithelium. Unopposed estrogen treatment, while delivering beneficial relief from post-menopausal symptoms, also results in endometrial disorders such as endometriosis and cancer (Smith et al. 1975 , Berger & Fowler 1997 . To circumvent these side effects, progesterone is now added to remove the endometrial risks (Hulka & Brinton 1995 , Persson 2000 , Schairer et al. 2000 . This strategy is also employed in the majority of oral contraceptive formulations (Henderson & Feigelson 2000) .
Herein we studied the expression and regulation of GLUT1-4 in response to hormonal treatments and correlate changes in expression to changes in glucose transport in the human endometrial epithelial cancer cell line, Ishikawa. We found that these cells express GLUT1-4 isoforms to varying degrees. Analysis of regulation reveals that GLUT1 protein expression was increased by 17 -estradiol and by progesterone; however, combined 17 -estradiol and progesterone treatment abolished the observed regulatory effects produced when these hormones are present individually. GLUT2 and GLUT3 proteins are both expressed at very low levels. GLUT4 protein levels are possibly upregulated in response to all hormonal treatments. None of the hormonal treatments affected mRNA levels. Transport kinetic studies show that Ishikawa cells have at least three glucose transport components with transport characteristics corresponding to GLUT1/4, GLUT2/6 and GLUT3. We demonstrated a direct correlation between GLUT1-4 isoform expression and glucose transport, although the relative contributions of GLUT1 and GLUT4 could not be separated because of overlapping K m s.
The observation that estrogen and progesterone individually increase GLUT1 expression, while the combination of both hormones causes a complete reverse in expression patterns is surprising, but by no means unique to this situation. Although the purpose of this paper was to dissect the role of estrogen and progesterone individually, in vivo these hormones are never present without the other. During the luteal phase of the menstrual cycle both estrogen and progesterone are present in high levels. The challenge for future experimentation is to understand the process of cross-talk by which two hormones, working individually in one direction, can change when in combination. This has important clinical implications as it is now evident that we cannot predict the response of exogenous progesterone preparations based on the effect of progesterone in the presence of estrogen.
Interestingly, despite marked protein regulation, our results show that GLUT1-4 mRNA expression does not change in response to 6, 9 or 24 h of hormonal treatment in the endometrial epithelium-derived Ishikawa cell line. However, the failure to observe any hormonal regulation on GLUT1-4 mRNA in these epithelium-derived cancer cells is not unexpected. von Wolff et al. (2003) reported increases in GLUT1 and GLUT3 mRNA expression in total normal human endometrium throughout the secretory phase of the menstrual cycle, in which estrogen and progesterone levels are high. However, a more detailed analysis revealed that these increases were not caused by changes in GLUT expression in endometrial epithelial cells, but were actually caused by increased expression in stromal cells. Welch and Gorski (1999) also reported increases in rat uterine GLUT1 mRNA after 6 h of estrogen treatment, an effect which disappeared after 8 h of estrogen treatment. However, these results are also derived from total uterine preparations, and therefore it is impossible to determine if there was an effect on the endometrial epithelial cells. Moreover, there are extensive data in the literature indicating that changes in mRNA, from a variety of genes, in endometrial tissue can only be detected after long-term (2-5 days) treatments (Lockwood et al. 1993 , Sakata et al. 1998 , Darnel et al. 1999 , Christian et al. 2001 , Mak et al. 2002 . It is most likely that the changes we observed in GLUT protein were being caused by post-transcriptional modifications, such as increased translational rates or post-translational changes that affect protein stability.
Any proliferating cell, including cancer, requires an increased energy supply to sustain the proliferation process. There is little information in the literature regarding GLUT expression in malignant endometrial epithelium; however, one study demonstrated overexpression of GLUT1 in endometrial adenocarcinomas (Wang et al. 2000) . This observation suggests that GLUT1 is utilized by endometrial cancer cells to obtain energy. Since we observed that increased expression was associated with increased transport in this cell line, we can infer that at least some of the increased GLUT protein is being expressed at the plasma membrane where it has access to circulating glucose.
One of the disadvantages of DOG transport studies is that GLUT1 and GLUT4 have K m s in the same range; therefore, it is not possible to differentiate the individual contribution of these transporters to the transport kinetics. However, although it is likely that both GLUT1 and GLUT4 are contributing to DOG transport in these cells, the protein expression data support a role for GLUT1 as the main glucose transporter affected by hormonal treatment. Despite this, it is more than likely that the other GLUTs expressed in these cells are also contributing to glucose transport. In relation to this issue, we show that in Ishikawa cells GLUT2 expression is extremely low, yet this cell line expresses a low affinity transport component which has a considerable capacity to transport DOG. RT-PCR studies show that these cells also express mRNA for GLUT6, a low-affinity transporter. Therefore, the low-affinity transport observed in Ishikawa cells may be mediated by GLUT6, and not GLUT2 (Fig. 6 ). Welch and Gorski (1999) reported that they observed an increase in glucose uptake after 30 min of estrogen treatment. At time periods under 4 h of estrogen treatment, that study did not report any changes in GLUT mRNA or protein expression. The authors also ruled out GLUT protein translocation as a mechanism responsible for the increased glucose transport and speculated that changes in GLUT activation are responsible for the increased glucose transport observed at short time periods of estrogen treatment (Welch and Gorski 1999) . Since that study measured accumulation of phosphorylated DOG and not DOG transport, it is possible that the changes observed in DOG accumulation were caused by changes in hexokinase activity as well as, or rather than, changes in transporter activity. Our transport studies were carried out at short time periods (10-60 s) and therefore only measured the DOG transport component.
We postulate that hormonally induced increases in glucose transport confer a survival advantage to the growing cancer cell, in the form of greater accessibility to available glucose. This theory is in line with clinical observations where estrogen therapy increased the incidence of endometrial cancer and that this increase in incidence was reduced when progesterone was added to the hormonal preparations (Smith et al. 1975 , Berger & Fowler 1997 and is also supported by the observation that GLUT1 is overexpressed in biopsies from cancers from the majority of estrogen and progesterone target tissues, such as breast, endometrium, cervix and ovary (Kang et al. 2002 , Medina & Owen 2002 . Similar results are available which correlate hormonal effects on GLUT expression and glucose transport in ZR-75 breast cancer cells to breast cancer incidence (Medina et al. 2003) . Furthermore, overexpression of GLUT2 has not been reported in cancers originating from steroid hormone target tissues (Medina & Owen 2002) , nor was an alteration in GLUT2 observed in Ishikawa cells in response to hormonal administration. An absence of effect in GLUT2 protein or RNA levels corresponded to an absence of alteration in glucose transport at the K m corresponding to GLUT2/6.
We also demonstrated that progesterone caused an increase in GLUT1 expression and GLUT1-mediated glucose transport. Unfortunately, data on the action of progestins alone in endometrial cancer patients are both very limited and contradictory. Our data unequivocally show that progesterone treatment, on its own, caused an increase in GLUT1 expression and GLUT1-mediated glucose transport in Ishikawa endometrial cancer cells. This suggests that, at least in this cell line, progesterone has the potential to promote a proliferation-inducing environment.
In summary, we present an in vitro model in which to study the effects of estrogen and progesterone treatment in endometrial cancer. We have also shown that, when estrogen and progesterone are administered individually, GLUT expression and the corresponding rate of glucose transport increase, effects which disappear when these hormones are administered concomitantly. We speculate that an increase in GLUT expression in the presence of the different hormonal preparations confers a survival advantage to the burgeoning endometrial cancer cell and thus increases the incidence of endometrial cancer. We propose that components which are involved in the regulation of GLUT expression and subsequent glucose transport could be exploited as important future pharmaceutical or gene therapy targets to treat endometrial cancers which do not respond to more traditional treatments.
